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Chromatin organization and gene activity are respon-
sive to developmental and environmental cues.
Although many genes are transcribed throughout
development and across cell types, much of gene
regulation is highly cell-type specific. To readily track
chromatin features at the resolution of cell types
within complex tissues, we developed and validated
chromatin affinity purification from specific cell types
by chromatin immunoprecipitation (CAST-ChIP), a
broadly applicable biochemical procedure. RNA
polymerase II (Pol II) CAST-ChIP identifies 1,500
neuronal andglia-specificgenes indifferentiatedcells
within the adult Drosophila brain. In contrast, the his-
tone H2A.Z is distributed similarly across cell types
and throughout development, marking cell-type-
invariant Pol II-bound regions. Our study identifies
H2A.Z as an active chromatin signature that is refrac-
tory to changes across cell fates. Thus, CAST-ChIP
powerfully identifies cell-type-specific as well as
cell-type-invariantchromatinstates,enabling thesys-
tematic dissection of chromatin structure and gene
regulation within complex tissues such as the brain.
INTRODUCTION
Developmental programs and environmental responses depend
on the cell-type-specific expression of genes, mediated by the
temporal and spatial regulation of transcription and chromatin
structure (Bonn et al., 2012; Heintzman et al., 2009; modEN-
CODE Consortium et al., 2010). At the same time, a subset of
ubiquitously expressed (cell-type-invariant) genes defines pro-Ccesses that are regulated similarly across distinct cell types.
These include housekeeping genes (e.g., ribosomal genes), a
subset of inducible genes (e.g., heat shock genes), and genes
with broadly required functions, such as cell polarity or mRNA
localization. Much of our understanding of development and
physiology hinges on our ability to dissect cell-type-invariant
transcriptional responses from highly cell-type-specific ones,
but existing tools to obtain such information are limited.
Chromatin contributes to both cell-type-specific and cell-
type-invariant gene expression (Dixon et al., 2012; Filion et al.,
2010), determining cell fate, yet exhibiting plasticity. Its structure
is regulated through alterations in nucleosome positioning, post-
translational modifications, or the incorporation of histone vari-
ants such as H3.3 and H2A.Z (Bonn et al., 2012; Heintzman
et al., 2009; modENCODE Consortium et al., 2010; Talbert and
Henikoff, 2010). Further, specific chromatin marks correlate
with different activation states of RNA Polymerase II (Pol II),
such as binding, poising/pausing, and elongation, promoting
correct levels of gene expression in distinct cell types throughout
development (Dixon et al., 2012; Filion et al., 2010; Gaertner
et al., 2012).
Genome-wide analyses have revealed regions that are impor-
tant for establishing/maintaining cell fate and genes with cell-
type-invariant transcriptional function (Ernst et al., 2011; Pujadas
and Feinberg, 2012). However, most studies have been per-
formed in cultured cells, dissected tissues, or whole organs/an-
imals (Chintapalli et al., 2007; modENCODE Consortium et al.,
2010). In fact, investigators have few tools to track cell-type-
specific chromatin states within complex tissues easily. It is
challenging to obtain sufficient pure material for a particular
cell population from limited amounts of tissue due to diverse
morphologies and histological complexity. Further, we need
readily applicable, fast extraction procedures that preserve
chromatin states, since physiological events generate small,
transient changes in gene activity that may be lost during nuclearell Reports 5, 271–282, October 17, 2013 ª2013 The Authors 271
isolation. We set out to develop a rapid, sensitive, robust, and
convenient protocol that exploits the advantages of highly vali-
dated and widely used methods, i.e., protein tagging and cell-
type-specific Gal4 drivers. We combined these methods into a
tool that allows chromatin structure to be profiled within highly
complex organs, such as the brain, as well as across develop-
ment or environmental change.
Thus far, cell-type-specific chromatin analysis has relied on
isolating nuclei from tissues or cell types by enriching tagged
nuclei (Deal and Henikoff, 2010; Henry et al., 2012; Steiner
et al., 2012) or through fluorescence-activated cell sorting
(FACS) (Bonn et al., 2012; Haenni et al., 2012; Jiang et al.,
2008; Weake et al., 2011). Nuclear isolation provides flexibility
by allowing the use of distinct chromatin immunoprecipitation
(ChIP) antibodies following enrichment. However, these proto-
cols have disadvantages in terms of the required time, material,
and cost.
To improve on these limitations, we developed and validated a
fast biochemical method we call chromatin affinity purification
from specific cell types by ChIP (CAST-ChIP). It combines the
cell-type-specific expression of a tagged transgene using an
enhancer chosen among thousands of Gal4 driver lines (Jenett
et al., 2012) with the power of affinity-tag purification. To test
our method, we focused on Pol II as a transcription feature and
on histone H2A.Z as a chromatin mark. Refinement of existing
ChIP assays allowed us to apply CAST-ChIP to profile tagged
Pol II in two distinct cell types of the adult fly head: neurons
and glia. The genome-wide distribution of Pol II monitors the
activation state of genes by detecting active and poised genes
(Adelman and Lis, 2012). Additionally, we profiled the genome-
wide distribution of Drosophila H2A.Z (historically named
H2Av; Talbert et al., 2012) within distinct cell types of the adult
head as well as embryos. H2A.Z associates preferentially with
active promoters and distal regulatory regions (in particular at
the 50 end of active genes across species), is required for viability
(reviewed in Marques et al., 2010), acts as an early develop-
mental mark (Boskovic et al., 2012; Creyghton et al., 2008; Ernst
et al., 2011; Hu et al., 2013; Jin et al., 2009; Ku et al., 2012; Leach
et al., 2000; Nashun et al., 2010; Swaminathan et al., 2005;
Whittle et al., 2008), and might define chromatin states
throughout an organism’s life.
CAST-ChIP reveals cell-type-specific genomic binding pro-
files for Pol II. In contrast, H2A.Z profiles are highly similar across
distinct adult cell types and embryos. H2A.Z enriches at genes
that are expressed (or ready for activation) across cell types,
developmental stages, and origins. We define these genes as
cell-type invariant. CAST-ChIP delineates cell-type-invariant
and cell-type-specific chromatin domains. Together, ourmethod
and results provide a timely resource that will allow the dissec-
tion of chromatin and Pol II activity within organs composed of
distinct differentiated cell types, such as the adult CNS.
RESULTS
CAST-ChIP Reveals Cell-Type-Specific, Genome-Wide
Pol II Profiles
We employed CAST-ChIP (Figure 1A) to profile Pol II by express-
ing a GFP-tagged RPB3 Pol II subunit (Yao et al., 2006) under272 Cell Reports 5, 271–282, October 17, 2013 ª2013 The Authorscontrol of the UAS/Gal4 system in glia and neurons (Figure 1B),
both of which are distinct cell types with well-characterized
markers and Gal4-driver lines. We prepared chromatin from
adult fly heads expressing the tagged Pol II in the cell types of in-
terest andperformedanti-GFP immunoprecipitations (Figure 1A).
Controls for CAST-ChIP included input DNA from total head,
input DNA from FACS-isolated neuronal and glial nuclei, and
CAST-ChIP with anti-GFP on wild-type head chromatin. To
compare the CAST-ChIP Pol II enrichments with endogenous
Pol II, we performed ChIP sequencing (ChIP-seq) of wild-type
heads using anti-RPB3 (Adelman et al., 2006; Figure 2A) or
anti-RPB1 (data not shown). We identified regions of high ChIP
enrichment in the head, glia, and neurons, and merged them
into regions of interest (ROIs; see Experimental Procedures; Fig-
ure 1C; Table S1). As expected, Pol II predominantly locates
close to annotated transcription start sites (TSSs; Figure 2B). A
comparison of biological replicates of CAST-ChIP for Pol II
with replicates of conventional ChIP-seq using RPB3 and
RPB1 antibodies shows a high correlation (Spearman rho R
0.84; Table S2). In contrast, Spearman’s rank correlation coeffi-
cient between glial and neuronal data sets is rho = 0.65 (Fig-
ure S1A), indicating differences in Pol II binding, as expected
for distinct cell types.
Two technical issues are crucial for CAST-ChIP: identifying a
good ChIP-grade anti-GFP and expressing sufficient tagged
protein in the cell type of interest (Figures S2A and S2B).
CAST-ChIP compares favorably in terms of rapidity and effi-
ciency with existing methods (Figures S2C–S2E). In fact,
CAST-ChIP is as efficient as a ChIP of the endogenous protein
(Figure S2B) and requires substantially less material and time
than FACS (Figures S2C and S2D), thus providing a readily appli-
cable method.
Computational and Experimental Validation of Cell-
Type-Specific Pol II Profiles
To identify differentially regulated genes, we compared Pol II
enrichment obtained by CAST-ChIP in glia and neurons using
DESeq (Anders and Huber, 2010) on ROIs (see Experimental
Procedures; Figure 1C; Table S3). Three-quarters of Pol II-
bound regions (5,428) do not vary between the two cell types.
In contrast, 925 regions are identified as glia specific and 966
are identified as neuron specific (Figure 2C). Because the
majority of ROIs are located in genic regions, these numbers
correspond to 712 genes bound by Pol II only in glia, 779 only
in neurons, and 4,942 genes with invariant Pol II. Similarly to
cell-type-invariant Pol II-bound regions, the majority (>60%) of
neuron- or glia-specific Pol II ROIs overlap genes, exons, and
TSSs (Figure S1B).
To validate the observed differences in Pol II binding between
neurons and glia, we used computational and experimental ap-
proaches. We used a list of ‘‘CNS-active’’ genes expressed
within the adult brain (Pfeiffer et al., 2008). CNS-expressed
genes are overrepresented among genes that show neuron-spe-
cific, glia-specific, or invariant Pol II binding (Figure 2D). The
enrichment is most significant for neuron-specific genes
(Figure 2D), indicating that Pol II-bound regions identified using
neuronally tagged Pol II most closely match the expected CNS
activity. Next, we analyzed the cell-type specificity of genes
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Figure 1. The CAST-ChIP Methodology
(A) GFP-tagged reporters (GeneX-GFP) are expressed using cell-type-specific drivers. The GFP-tagged protein is then purified from the cell type of interest using
a refined ChIP procedure.
(B) Fly brain immunohistochemistry of neurons (magenta, anti-ELAV) and glia (green, anti-REPO) indicates two distinct cell types (bottom row, detail).
(C) Determination of CAST-ChIP ROIs and regions enriched in specific cell types.
See also Figure S2 and Tables S1 and S2.marked by glial, neuronal, and invariant Pol II in CAST-ChIP using
FlyAtlas, a microarray-based gene-expression data set of
dissected fly tissues (Chintapalli et al., 2007). As expected,
mRNA expression levels for glial and neuronal Pol II-bound
genes deviate more (p < 1016, Wilcoxon rank-sum test) among
FlyAtlas tissues compared with Pol II-invariant genes (Figure 2E).
Further, genes carrying neuron-specific Pol II enrichment show
expression in the larval CNS, thoracicoabdominal ganglion,
and adult brain (Figure S1D). Third, Gene Ontology (GO) analysis
reveals enrichment of terms related to neuronal function for
genes marked by neuron-specific Pol II ROIs (Figure S1C; Table
S4). In sum, three distinct analyses show that neuron- and glia-
specific Pol II-bound regions mark genes with cell-type-specific
CNS expression.
Next, we evaluated the cell-type-specific activity of Pol II-
marked genes experimentally. To avoid limitations, including
the lack of antibodies for cell-type-specific gene products andCthe nuclear localization of reference markers, we used
‘‘enhancer trap’’ insertions to express histone-GFP (Figures 3
and S3). We evaluated overlap with nuclear GFP by costaining
with pan-neuronal ELAV or pan-glial REPO antibodies. All 12
viable and healthy lines of the 15 selected for testing confirm
the differential enrichment (Figures 3 and S3; Experimental Pro-
cedures). Thus, the insertion-line-driven histone-GFP verifies
CAST-ChIP. Pol II binding qualitatively reflects the spatial
expression pattern of the gene to which it localizes, and CAST-
ChIP biochemically enriches chromatin-associated Pol II from
the cell types marked by GFP-tagged Pol II.
H2A.Z Is Similarly Distributed Across Distinct Cell Types
of the Adult Fly Brain
To better understand the contribution of chromatin structure to
cell-type-specific gene regulation, we used CAST-ChIP to study
H2A.Z distribution, an active mark that has not previously beenell Reports 5, 271–282, October 17, 2013 ª2013 The Authors 273
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Figure 2. Distinct RNA Pol II-Enriched Regions in Neurons and Glia
(A) IGB Browser screenshot of the Nmdar1 locus showing CAST-ChIP and
ChIP biological replicates of whole-head anti-RPB3 (Head RPB3), neuronal
(Neuron) and glial (Glia) GFP-RPB3, whole-head GFP control (Head GFP), and
Input. Small rectangles: ROIs; colored triangles: differential ROIs.
(B) Pol II ROIs are located mainly at TSSs and in genic regions.
(C) Overlap between neuronal and glial Pol II ROIs.
(D) Head and neuronal Pol II ROIs are associated with curated CNS-active
gene sets (Pfeiffer et al., 2008) (log10 p values [Fisher’s exact test] are dis-
played on the y axis).
(E) Gene-expression difference (SD of probe-level values) across FlyAtlas
tissues (Chintapalli et al., 2007) for genes marked by glial, common, or
neuronal Pol II (*p < 1016, Wilcoxon rank-sum test for glial-versus-common
and neuronal-versus-common comparisons).
See also Figure S1 and Tables S3 and S4.probed in the adult fly CNS. GFP-tagged H2A.Z expressed by
its genomic promoter (Clarkson and Saint, 1999) faithfully
reports the location of endogenous H2A.Z (95% overlap be-
tween ROIs; Figures 4A, 4B, and S4A), indicating that neither
the tag nor transgene (over-) expression globally alter H2A.Z
distribution.274 Cell Reports 5, 271–282, October 17, 2013 ª2013 The AuthorsAs previously observed in mammalian cells and flies (Hardy
et al., 2009; Mavrich et al., 2008; Weber et al., 2010), H2A.Z is
mostly associated with Pol II-bound regions in the adult fly
head and is predominantly enriched at the +1 nucleosome rela-
tive to the TSS (Figures 4C, S4B, and S4D). In addition, we detect
a class of genes with high Pol II enrichment but no H2A.Z.
Expression profiling using whole-head RNA-seq reveals that
genesmarked byH2A.Z andPol II show similarly high expression
compared with genes bound by Pol II only (Figure 4D). As ex-
pected, promoter-proximal Pol II enrichments reflect the expres-
sion level (Figure S4D). In contrast, although H2A.Z does mark
expressed genes, there is no linear correlation between H2A.Z
binding and the expression level (Figure S4D).
Intriguingly, not all Pol II-bound regions in the fly head overlap
with H2A.Z regions, suggesting the presence of a class of active
genes with no or little H2A.Z enrichment (Figure 4C). To gain
insight into the nature of the genes marked either by H2A.Z
and Pol II together or by Pol II or H2A.Z alone, we used FlyAtlas
expression data (Chintapalli et al., 2007). Genes marked by
H2A.Z alone or by H2A.Z and Pol II together are expressed ho-
mogeneously across cell fates (Figures 4E and S4E). In contrast,
Pol II-bound genes that lack H2A.Z enrichment show divergent
expression across tissues and developmental stages (Figures
4E and S4E).
The observation that H2A.Z is nearly always present at genes
with similar expression across cell types and universal cellular
functions led us to hypothesize that H2A.Z may characterize
chromatin environments permissive for cell-type-invariant gene
expression. If this is the case, H2A.Z would be expected to
show similar distribution across distinct cell types. To test this,
we expressed a GFP-tagged H2A.Z construct (Clarkson and
Saint, 1999) in neurons or glia and identified regions of differen-
tial enrichment as we did for Pol II (Figure 1C). Indeed, we find
that H2A.Z enrichments are highly similar across the two cell
types (Figures 4A, 5A, and S5A; Table S2). This observation
largely holds true when we compare enrichments across exonic
regions with no prior filtering, relying on peak calling to reduce
noise levels (Figure S5B). Further, the few observed cell-type-
specific H2A.Z ROIs show small differences in counts and often
do not associate with genes.
A comparison of averagedH2A.Z profiles over geneswith glial,
neuronal, or invariant Pol II enrichment shows that H2A.Z is high-
ly enriched at cell-type-invariant Pol II ROIs, as well as in TSS-
proximal genic regions (Figure 5C). Further, cell-type-invariant
Pol II sites nearly always (90%) overlap an H2A.Z ROI (Figures
5B and S5C). We note that H3 is equally distributed across these
ROIs on both cell-type-invariant and cell-type-specific Pol II
peaks (Figure 5B). Strikingly, genomic regions that show strong
cell-type-specific Pol II binding are depleted of H2A.Z (Figure 5B)
despite the high expression of the marked genes (Figure S5D).
To check whether the tissue invariance of H2A.Z distribution
holds true across cell types of distinct developmental origin,
we profiled Pol II and H2A.Z in adipocytes, which are derived
from the mesoderm (‘‘fat body’’ in flies; Figures 5D and 5E).
We find that of the 4,742 regions bound by Pol II in all cell types,
>80% associate with H2A.Z (Figure 5F). In contrast, only 35%
of the 1,540 regions that show Pol II enrichment in only one of the
cell types overlap with H2A.Z ROIs (Figure 5F). Thus, H2A.Z is
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Figure 3. Validation of Neuronal and Glial
Pol II Enrichment
(A–D) To validate neuron- and glia-specific Pol II
ROIs, we assayed the neuronal and glial specificity
of enhancer-trap insertion lines driving nuclear
GFP at (A) king-tubby, (B) Igl, (C) Mocs1, and (D)
CG4666. Left panels: Pol II profiles for neurons and
glia, whole-head Pol II ChIP, GFP control, and
whole-head mRNA tracks, including gene anno-
tation and location of the Gal4 driver (green arrow,
insertion point). Right panels: costaining of nuclear
GFP (green) expressed using Gal4 drivers located
in proximity to the cell-type-specific Pol II ROIs,
alongside REPO or ELAV (magenta) to reveal
expression overlaps (white).
See also Figure S3.similarly distributed across neurons, glia, and fat body, and pref-
erentially localizes to the TSSs of cell-type-invariant genes
(Figure 5C).
H2A.Z Localization Is Maintained from Early
Development to Adulthood
Having observed that H2A.Z profiles are invariant across cell
types within the adult brain, we hypothesized that H2A.Z marks
may be established early during embryogenesis and maintained
throughout development. To test this, we profiled H2A.Z and Pol
II in 0–6 hr embryos using antibodies against the endogenous
protein (Figure 6A). H2A.Z enrichments are very similar in adult
head and embryo (Spearman rho = 0.91; Figure S6A; TableCell Reports 5, 271–282,S2), marking largely (97%) the same
genes (Figures 6A, 6C, and S6A). In
contrast, Pol II binding differs extensively
(38% of differentially bound genes; Fig-
ure 6B). The whole-head versus embryo
comparison confirms that H2A.Z ismainly
present in regions bound by Pol II across
developmental stages (Figure 6E), and is
absent in genes showing adult-head or
embryo-specific Pol II binding. We also
analyzed modENCODE ChIP-chip data
for H2A.Z in embryos and confirmed the
early deposition and cell-type invariance
of H2A.Z distribution (modENCODE Con-
sortium et al., 2010; Figure S6C).
Furthermore, we investigated the fate
of embryonic H2A.Z ROIs by splitting
genomic regions into three classes
(H2A.Z-only, Pol II+H2A.Z, or Pol II-only)
and compared their overlap with head
H2A.Z ROIs (Figure 6D). The majority of
H2A.Z-bound regions (with or without
Pol II) remain in the same class. H2A.Z-
only regions have an increased pro-
pensity to acquire Pol II in the adult. In
contrast, embryonic PoI II-only bound
regions rarely gain H2A.Z, but rather
lose Pol II binding in the adult head.Consistent with this observation, genes whose TSS overlaps
only with Pol II and not with H2A.Z ROIs in the embryo show
greater variability in expression across developmental stages
(Chintapalli et al., 2007) than their H2A.Z-positive counterparts
(Figure S6B). H2A.Z may thus mark a chromatin state that is
permissive for cell-type-invariant gene expression across
development.
H2A.Z Marks Cell-Type-Invariant Chromatin Domains
H2A.Z-bound genes share characteristics that support the
role of H2A.Z in marking cell-type-invariant genes. H2A.Z-
enriched genes tend to have broad TSSs, whereas Pol II-only
TSSs resemble those of cell-type-specific promotersOctober 17, 2013 ª2013 The Authors 275
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Figure 4. Enrichment of Histone H2A.Z in Neurons and Glia
(A) Screenshot on chr2L showing biological replicates of whole-head endogenous- and GFP-tagged H2A.Z, neuronal, and glial H2A.Z, as well as whole-head H3,
GFP, and Input.
(B) Overlap between endogenous and GFP-tagged H2A.Z ROIs in the whole head.
(C) Overlap between endogenous H2A.Z and Pol II ROIs in whole heads relative to the total number of Pol II (or H2A.Z) ROIs.
(D) Gene-expression levels (log2(FPKM+1)) in whole heads for H2A.Z-only, H2A.Z+Pol II, Pol II-only, and None (neither H2A.Z nor Pol II) gene classes. The p
values for all comparisons are p < 2.2 3 1016, except for H2A.Z+Pol II versus Pol II-only, where p = 0.003 (Wilcoxon rank-sum test).
(E)Heatmapsshowinggene-expression levels (color range) inFlyAtlas tissues (Chintapalli et al., 2007).Genes thatdonotoverlapH2A.ZROIs (thirdpanel) show larger
differences in expression across tissues. Genes marked by Pol II show higher expression (second and third panels) compared with H2A.Z-only genes (first panel).
See also Figure S4.
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Figure 5. H2A.Z Marks Cell-Type-Invariant,
but Not Active Cell-Type-Specific, Genes
(A) Overlap between neuronal and glial H2A.Z
ROIs.
(B) Head, glial, and neuronal Pol II and H2A.Z en-
richments, as well as GFP-tagged head H2A.Z
(HZG), H3, and Input at whole-head Pol II ROIs.
Regions are centered on the point with maximal
Pol II intensity and sorted from highest to lowest
signal in glia (log10 p values are shown in red on
the left). The fractions of H2A.Z ROIs overlapping
bins of 25 Pol II ROIs are shown as barplots. The
data were only normalized to the total number of
reads, and the same scale was used for all Pol II,
H2A.Z, and H3 data.
(C) Average ChIP enrichment of head Pol II and
head H2A.Z centered on the TSS, gene bodies
(1 kb around the center of the transcript, labeled
‘‘mid’’) and transcription termination site (TTS) of
genes associated with invariant, neuronal, and
glial Pol II CAST-ChIP ROIs.
(D) Overlap between neuronal, glial, and fat body
Pol II ROIs.
(E) Overlap between neuronal, glial, and fat body
H2A.Z ROIs.
(F) Fraction of Pol II-bound regions found in one (1),
two (2), or all three (3) cell types (neuron, glia, and
fat body) that overlap at least one whole-head
H2A.Z ROI. The total number of Pol II ROIs in each
class is indicated on the graph. Pol II-bound re-
gions present in all three cell types (4,725) largely
overlap with H2A.Z.
See also Figure S5.(Figure S7A; Hoskins et al., 2011; Rach et al., 2011). In addition,
H2A.Z ROIs are enriched in constitutively active chromatin (Fig-
ures 7A and 7B; Filion et al., 2010). In contrast, the majority of Pol
II binding in the absence of H2A.Z localizes to chromatin associ-
ated with silent but developmentally regulated genes, dynami-
cally active regions, and Polycomb group chromatin (Figure 7B).
H2A.Z+Pol II ROIs associate with so-called ‘‘Tau gene clusters,’’
defined as chromosomal regions encoding coregulated genes
(Figures 7A and S7B; Weber and Hurst, 2011), and the H2A.Z-
enriched regions themselves form clusters (p value < 1016; Fig-
ure 7A). Finally, promoters of genes that are significantly up- orCell Reports 5, 271–282,downregulated across distinct cell types
show overall lower enrichment of H2A.Z
than do promoters of coordinately ex-
pressed genes (Figure S7B; Kapushesky
et al., 2012).
Since we observed that H2A.Z ROIs
often overlapped two neighboring chro-
matin domains, such as constitutive and
silent or constitutive and dynamically
active chromatin (Figures 7B, S7C, and
S7D), we investigated the relationship
between H2A.Z and insulator-binding
proteins, both of which have previously
been shown to localize at promoters
with a broad TSS (Ne`gre et al., 2010;Rach et al., 2011). We find that at nearly all sites, H2A.Z+Pol II-
shared ROIs are bound by the insulator proteins BEAF-32 and
CP190 (Figure 7C), whereas H2A.Z-only and Pol II-only ROIs
overlap with these insulators much less frequently (Figure 7C).
In addition, the majority (75%) of BEAF-32- and CP190-bound
regions overlap with H2A.Z+Pol II ROIs, whereas 50% of
CTCF- and <10% of Su(Hw)-bound regions overlap with
H2A.Z+Pol II. The striking association of H2A.Z with BEAF-32
and CP190 in the presence of Pol II suggests a putative role
for these insulator-binding proteins in the activation of cell-
type-invariant genes.October 17, 2013 ª2013 The Authors 277
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Figure 6. H2A.Z Locations Are Conserved
from the Embryo to the Adult Brain
(A) IGB Browser screenshot on chromosome X
showing adult head and embryo Pol II and H2A.Z,
as well as head GFP.
(B) Overlap between embryonic and whole-head
Pol II-bound genes.
(C) Overlap between embryonic and whole-head
H2A.Z-bound genes.
(D) Fraction of embryonic ROIs (H2A.Z-only,
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2,828 in the H2A.Z+Pol II group, and 4,489 in the
Pol II-only group.
(E) Adult head and embryonic Pol II, and H2A.Z
enrichment at Pol II-enriched regions. Controls:
Input, H3, H2A.Z.-GFP (HZG). Regions are
centered and sorted as in Figure 5B.
See also Figure S6.DISCUSSION
CAST-ChIP Rapidly and Efficiently Profiles Cell-Type-
Specific Chromatin
We describe an affinity-based, biochemical procedure for the
cell-type-specific mapping of chromatin-binding proteins. As a
proof of principle, we employed this technique to obtain
genome-wide profiles for two landmark chromatin features—
the binding of Pol II and the histone variant H2A.Z—in distinct
cell types of the adult fly brain. Our approach complements ex-
isting tools in this rapidly evolving area and offers key advan-
tages in terms of cost, speed, and chromatin yield. As we start
to dissect chromatin structure within tissues and in different
environmental conditions, the cost, quantity of material, and
amount of time needed to prepare chromatin will become
restrictive.278 Cell Reports 5, 271–282, October 17, 2013 ª2013 The AuthorsExisting cell-type-specific approaches
rely on isolating tissue by dissection (Na-
goshi et al., 2010), extracting nuclei
through a transgenic tag on the nuclear
membrane (Deal and Henikoff, 2010;
Henry et al., 2012), or FACS of labeled
nuclei (Jiang et al., 2008). These methods
have revealed differential H3K4me3
enrichment in neuronal and nonneuronal
cells (Cheung et al., 2010), SAGA occu-
pancy in embryonic fly muscle and
neurons (Weake et al., 2011), embryonal
transcription factor binding and histone
modifications (Bonn et al., 2012), as well
as gene expression and histonemodifica-
tion profiles in Kenyon cells and octopa-
minergic neurons of the adult fly brain
(Henry et al., 2012). However, FACS
assays at the scale suitable for existing
ChIP-seq procedures are time con-suming and require a lot of material due to loss during isolation,
making it difficult to profile several cell types, test different envi-
ronmental conditions, and perform necessary replicates. In
contrast, CAST-ChIP requires little mechanical sample manipu-
lation, is rapid, improves sample preservation, and achieves
high-yield enrichment from small amounts of tissue in a single
biochemical step (Figure S2). This facilitates the analysis of
cell-type-specific chromatin by decreasing the number of ani-
mals required and eliminating the need for extended access to
FACS.
Like other methods that rely on tagged transgenes, CAST-
ChIP is limited by its dependence on the expression of tagged
proteins. Organisms need to be genetically manipulatable, and
highly specific enhancers are required to obtain cell-type resolu-
tion. Further, the tagged protein should not interfere with the
function of the endogenous protein, but should be expressed
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Figure 7. H2A.Z Marks Constitutive Transcriptional Competence
(A) IGB Browser view of low-tissue-specificity genes (Tau clusters) (Weber and
Hurst, 2011), gene-basedH2A.Z clusters, 0–6 hr embryo and adult headH2A.Z
tracks (embryo and head H2A.Z), and five-state chromatin domains (Filion
et al., 2010), respectively. H2A.Z overlaps constitutively active (yellow) chro-
matin regions and Tau clusters.
(B) Fractions of H2A.Z-only (HZ-only), H2A.Z and Pol II (HZ+Pol II), and Pol II-
only (Pol II-only) ROIs associated with color-coded chromatin domains (Filion
et al., 2010). Top-enriched domains are shownwith solid colors and transitions
are shown with striped colors. Classes are ordered proportionally and the less
abundant classes are indicated as ‘‘other classes’’ (gray).
(C) Fraction of ROIs (H2A.Z-only [HZ-only], H2A.Z and Pol II [HZ+Pol II], and
Pol II-only [Pol II-only]) overlapping insulator-binding proteins. The overlap
Cat a high enough level to obtain good enrichment. Both of these
conditions are met in our system, which takes advantage of well-
characterized Gal4 lines and functional tagged proteins
(Clarkson and Saint, 1999; Yao et al., 2006). Clearly, there will
be situations in which other assays might be more advanta-
geous, for example, when overexpression of a low-abundance
transcription factor leads to artifacts or the biological question
requires analysis of a posttranslational modification.
Using CAST-ChIP, we identified 1,500 genes with glia- and
neuron-specific Pol II enrichment. We confirmed the cell-type
specificity of these genes using FlyAtlas (Chintapalli et al.,
2007), GO annotations, a ‘‘CNS-active’’ gene list (Pfeiffer et al.,
2008), and enhancer trap lines. For example, we found that
neuron-specific Pol II enrichment identified genes with neuronal
functions, such asNmdar1 (Figure 2A), igloo (neuromodulin), and
king-tubby. Similarly, glia-specific Pol II enrichment identified
glial genes such as tramtrack (Figure S3) and Eaat1. Our study
provides a valuable resource for the community, delineating re-
gions of both active and poised transcription in fruit fly neurons,
glia, and fat body.
H2A.Z Marks Cell-Type-Invariant Transcriptional
Domains across Distinct Cell Types
We extended the application of CAST-ChIP to the enquiry of
chromatin structure by mapping the distribution of H2A.Z in
embryos and adult cell types. Studies in yeast, animal cell types,
and embryonic tissue have attributed seemingly contradictory
functions to H2A.Z in gene expression and chromatin structure,
placing it at both active and repressed promoters as well as
chromatin boundaries (reviewed in Marques et al., 2010; Talbert
and Henikoff, 2010). We show here that H2A.Z is distributed
similarly in distinct brain cell types, where it colocalizes with
Pol II generally in the context of active TSSs, confirming the cor-
relation of bothH2A.Z andPol II with transcription (Henikoff et al.,
2009; Jin et al., 2009). However, we also find that thousands of
expressed genes are bound by Pol II in the absence of H2A.Z
(Figures 4D and 4E). This could be explained by nucleosome/
histone eviction, differences in nucleosome positioning (e.g.,
‘‘fuzzy’’ nucleosomes; Zhang and Pugh, 2011), and/or an
H2A.Z-independent regulatory mechanism in this subset of
genes. Whatever the mechanism, the steady state we probe
contains a class of active cell-type-specific promoters that are
devoid of H2A.Z. Interestingly, these regions correspond to the
most cell-type-specific Pol II regions. Conversely, H2A.Z is high-
ly enriched (and its levels do not differ) at cell-type-invariant
regions bound by Pol II in distinct cell types, including those of
different developmental origin (Figures 5B–5E). We propose
that H2A.Z marks transcriptionally permissive chromatin states
across cell fates.
H2A.Z enrichment may be indicative of how genes are regu-
lated, rather than whether they are transcriptionally active at a
particular moment. According to this model, H2A.Z marks cell-
type-invariant genes, including constitutively expressed genes,
genes that are reused in several cell types, and a set ofbetween H2A.Z+Pol II and CP190, and BEAF-32 and CTCF is highly significant
(one-sided Fisher’s exact test; p < 2.2 3 1016).
See also Figure S7.
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environmentally inducible genes. Indeed, we find that H2A.Z is
enriched at constitutively expressed genes (e.g., ribosomal
genes), inducible genes (e.g., heat shock and hormonally regu-
lated genes), and developmental genes (e.g., trithorax, Hairy,
and Mef2). Some of these H2A.Z-marked genes are required
for cellular processes that occur during development and are
reused in subsets of cell types in the adult, such as mRNA local-
ization (e.g., staufen and pumilio). Indeed, in plants and animals,
H2A.Z is involved in the regulation of inducible genes, ranging
from heat shock to hormone-responsive genes, as well as the
MHC class I locus (Coleman-Derr and Zilberman, 2012; Ge´vry
et al., 2009; Kotekar et al., 2008; Kotova et al., 2011; Leach
et al., 2000). Our data suggest that H2A.Z may not be sufficient
for transcription, but maintains a chromatin state that facilitates
the transcription of both highly expressed genes and genes
poised for activation across cell types.
Consistent with this model, we find H2A.Z clusters in chromo-
somal regions that are enriched for coregulated (Weber and
Hurst, 2011) and constitutively active genes (Filion et al., 2010).
Further, H2A.Z is enriched at promoters of genes that are not
differentially expressed across cell types (Chintapalli et al.,
2007). Other investigators and we have shown that H2A.Z is pre-
sent at insulators in both mammals and flies (Barski et al., 2007;
Fu et al., 2008; Jin et al., 2009; Rach et al., 2011). An individual
study of the p16 gene locus, for example, revealed that CTCF
binding, H2A.Z incorporation, and the establishment of a permis-
sive chromatin environment can result in transcriptional activa-
tion (Witcher and Emerson, 2009; reviewed in Yang and Corces,
2011). Here, our genome-wide data on H2A.Z show that in the
presence of Pol II the histone variant is particularly enriched at
insulators containing BEAF-32 and CP190 (90%; Figure 7C),
and that 75% of all BEAF-32 and CP190 bind to these regions.
In contrast, Pol II-bound ROIs lacking H2A.Z do not show this
association, suggesting that themechanism(s) of gene activation
for H2A.Z-bound genes may specifically involve insulator-bind-
ing proteins. Our data raise the possibility that H2A.Z, BEAF-
32, CP190, and other chromatin factors, such as the NSL
complex (Feller et al., 2012; Lam et al., 2012) and/or MRG15 (Fil-
ion et al., 2010), may coregulate cell-type-invariant genes. The
presence of H2A.Z at genes that are both constitutive and induc-
ible across cell types suggests that H2A.Z is not sufficient for
transcription, but rather maintains a chromatin state that in com-
bination with the insulator-binding proteins BEAF-32 and CP190
allows for cell-type-invariant transcription. This mechanism for
regulating cell-type-invariant gene expression may be evolution-
arily conserved since H2A.Z is also preferentially found at broad
TSSs in mammals (Rach et al., 2011). Whether H2A.Zmarks cell-
type-invariant genes in mammals remains to be tested. CAST-
ChIP is a timely tool for addressing such questions.
The high overlap of H2A.Z enrichment between cell types of
different developmental origins (neurons/glia versus fat body,
or 0–6 hr embryo versus adult head) suggests that the H2A.Z
mark is established in the embryo and maintained throughout
development. Other studies indicate that H2A.Z is established
on chromatin very early in embryogenesis in several different
species (Boskovic et al., 2012; Chioda et al., 2010; Nashun
et al., 2010; Whittle et al., 2008). In addition, the establishment
of chromatin boundaries between heterochromatin and euchro-280 Cell Reports 5, 271–282, October 17, 2013 ª2013 The Authorsmatin appears to depend on the interaction of H2A.Z with
Polycomb group proteins in Drosophila (Chioda et al., 2010;
Swaminathan et al., 2005) and mammalian embryonic stem cells
(Creyghton et al., 2008; Hu et al., 2013; Ku et al., 2012; reviewed
in Pandey and Dou, 2013). Together, these studies and our re-
sults suggest that H2A.Z may facilitate chromatin organization
during differentiation across complex organisms. Our data argue
that H2A.Z domains are faithfully maintained after being estab-
lished in the embryo to the adult stage, allowing for cell-type-
invariant gene expression throughout development and in the
adult. Other chromatin marks have not been shown to be as re-
fractory to changes across cell fates. How such a mark is estab-
lished and maintained is not clear. A simple mechanism relies on
the sequence of the promoters that are enriched in H2A.Z-
marked genes (Rach et al., 2011), but it is also possible that
H2A.Z localization may rely on epigenetic mechanisms.
For further information, see the Extended Results and
Discussion.
Conclusions
In this work, we developed, validated, and used amethodwe call
CAST-ChIP to study the distribution of Pol II and H2A.Z in spe-
cific cell types within highly complex tissues, such as the
Drosophila CNS. By taking advantage of established, widely
available techniques, CAST-ChIP permits the profiling of chro-
matin-associated factors in any cell type provided that suitable
genetic drivers are available. It requires vastly less material and
shorter processing times compared with nuclear purification
techniques, enabling chromatin profiling in small amounts of
ex vivo material. This facilitates the analysis of replicates, which
is mandatory for studying physiological processes, making it an
accurate, fast, and cost-effective method. Because our tool
builds on broadly used technology, it is readily transferable to
the mouse and other model organisms. CAST-ChIP, together
with other cell-type-specific profiling methods, will allow for the
systematic dissection of chromatin and gene regulation upon
metabolic, behavioral, and other environmental changes at the
resolution of individual cell types.
EXPERIMENTAL PROCEDURES
CAST-ChIP
Flies carrying the GFP-tagged reporter UAS-GFP-RPB3 (Yao et al., 2006) or
UAS-H2A.Z-GFP were crossed with the driver lines elav-Gal4 (Bloomington
stock No. 458), repo-Gal4 (Sepp et al., 2001), or takeout-Gal4 (Dauwalder
et al., 2002), or maintained as a homozygous stock in the case of elav-Gal4;
UAS-GFP-RPB3. Fly heads were separated and chromatin was prepared as
described in the Extended Experimental Procedures. Cell-type-specific ChIP
was performed using anti-GFP antibody (goat, lab stock) and Protein G Dyna-
beads (Invitrogen). Input and ChIP with anti-GFP antibody on wild-type heads
were used as controls. Library preparation and sequencing were carried out by
the EMBL Genomics Core Facility according to standard Illumina protocols.
Data Analysis
Reads were aligned to the Drosophila melanogaster genome (BDGP5.13) us-
ing Bowtie version 0.12.7. Aligned reads were transformed into coverage files
using igvtools and visualized in the IGV 2.0 Browser (Robinson et al., 2011) and
IGB Browser (Nicol et al., 2009). Regions of high ChIP enrichment were de-
tected with CCAT 3.0 (Xu et al., 2010) on individual replicates using Input or
ChIP against GFP as control. Regions from different cell types were merged
together to obtain a set of ROIs. Counts in individual ROIs for either Pol II or
H2A.Z were compared using DESeq (Anders and Huber, 2010) to determine
significant differences in ChIP enrichment between pairs of cell types.
Further details of the methods are described in the Extended Experimental
Procedures.
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